Experimental studies and mathematical modelling of the effects of magnetic field on combustion dynamics at thermo-chemical conversion of biomass are carried out with the aim of providing control of the processes developing in the reaction zone of swirling flame. The joint research of the magnetic field effect on the combustion dynamics includes the estimation of this effect on the formation of the swirling flame dynamics, flame temperature and composition, providing analysis of the magnetic field effects on the flame characteristics. The results of experiments have shown that the magnetic field exerts the influence on the flow velocity components by enhancing a swirl motion in the flame reaction zone with swirl-enhanced mixing of the axial flow of volatiles with cold air swirl, by cooling the flame reaction zone and by limiting the thermo-chemical conversion of volatiles. Mathematical modelling of magnetic field effect on the formation of the flame dynamics confirms that the electromagnetic force, which is induced by the electric current surrounding the flame, leads to field-enhanced increase of flow vorticity by enhancing mixing of the reactants. The magnetic field effect on the flame temperature and rate of reactions leads to conclusion that field-enhanced increase of the flow vorticity results in flame cooling by limiting the chemical conversion of the reactants.
INTRODUCTION
Different processes of thermo-chemical conversion of biomass, such as pyrolysis, gasification and combustion, have been developed to enhance the utilization of biomass residues (wood, straw, etc.) with large-scale variations of their composition and energy content determining variations of the heat and energy production and composition of the products. To provide stabilization of these processes, different types of combustion control can be used, such as swirl-enhanced stabilization of the flame reaction zone [1] , co-firing of a biomass with fossil fuel [2] , electro-dynamic [3] , [4] and magnetic field [5] , [6] control of combustion dynamics. The previous experimental study of the magnetic field effects on the flame formation and combustion characteristics has shown that application of the magnetic field to the flame can result in significant changes in flame shape, size and combustion characteristics due to development of the processes, which can be related to gradient magnetic fieldinduced mass transport of paramagnetic flame species [6] . In addition to gradient magnetic field effect on the mass transport of paramagnetic flame species development of combustion dynamics downstream, the combustor can be affected by the magnetic field-induced force, which acts on the movement of charged flame species. Thus, the main aim of the recent study is to provide a complex mathematical modelling and experimental study of the magnetic field-induced variations of the combustion dynamics with estimation of the effect, which can be related to the effect of the magnetic force on the movement of charged flame species (positive ions).
Mathematical model is developed with account of the axial and azimuthal components of flow velocity and development of the exothermic reaction of fuel combustion downstream the cylindrical combustor with radius r 0 . The flame flow formation with axial velocity at the inlet of the combustor (U 0 ) is affected by the radial (B r ) and axial (B z ) components of the axially symmetric magnetic field B 0 . The magnetic field is induced by direct electric current of a density j 0 in a coil, which is placed at the inlet of the combustor, close to the inner surface of the combustor by surrounding the flame flow. The distribution of a stream function, azimuthal component of velocity (V 0 ), vorticity and the formation of the velocity and temperature profiles are calculated by varying the electrodynamic force parameter increase of the electrodynamic force parameter P e results in a magnetic field-enhanced increase of the maximal flow velocity raising flow vorticity, whilst decreasing peak flame temperature and the rate of reaction.
MATHEMATICAL MODELLING
The present investigation continues the study of Choi, Rusak et al. [7] and Kalis et al. [8] by conducting a numerical investigation of the axially symmetric, steady swirling flow in a cylindrical pipe using the low Mach number approximation. The swirling flow with axial (u z ), radial (u r ), and azimuthal (u φ ) components of velocity is developing downstream the pipe. The axial velocity determines the formation of a uniform stream in a central part of the cylindrical pipe-inlet. The azimuthal velocity with rotation of the part from tube inlet is obtained. Similar experiment with turbulent is considered in [9] . 
The distribution of electromagnetic fields for the axially-symmetric system of electric current has been investigated and calculated similarly using the azimuthal component A φ of the vector potential and the Biot-Savart law [10] .
With this approximation:
are the total elliptical integral of first and second kind, B s = -r′ A φ is the magnetic stream function,
For numerical solutions we eliminate the modified pressure p * from the hydrodynamic equations by introducing the stream function ψ with the following expressions: The approach seeks the steady solution as the time asymptotic limit of the solutions of the unsteady equations. The distribution of stream function, azimuthal component of velocity, vorticity (Fig. 2) and temperature (Fig. 3) has been calculated using the implicit FDS with the upwind differences in the space, ADI method and under-relaxation.
For numerical simulation, the following parameters are used: S = 1;3, r 1 = 0.5, A = 50000, Bi -0.1, P e = 0;0.1;0.5;1, 0008 . 0 = τ , It = 2500 (number of iterations or time steps).
The results of numerical simulation are given in Table 1 , where is the averaged value of the flow temperature and
is the reaction rate. 
EXPERIMENTAL PART
Experimental study of the magnetic field effect on the combustion characteristics at thermo-chemical conversion of wood pellets was carried out using a batchsize device with integrated biomass gasifier and water cooled combustor (Fig. 4) . Axially-symmetric magnetic field is applied to the flame using two coils, which are fed with a direct current. Magnetic field with induction up to 50mT acts on the flame volume from the bottom of the combustor up to a distance L/D ≈ 2 from the centre of coils. The propane flame flow (2) is used to supply additional heat energy into the upper part of biomass pellets at an average rate of 1 kJ/s to initiate the biomass gasification and the formation of the axial flow of volatiles at the inlet of the combustor. The primary air is supplied below the layer of biomass pellets at an average rate of 30-40 l/min to support a thermal decomposition of main biomass components (3) . Secondary swirling air is supplied (4) above the layer of biomass at an average rate of 65 l/min and is used to provide the swirl-enhanced combustion of the volatiles developing downstream the water-cooled combustor (6) .
To estimate the magnetic field effect on the combustion dynamics at thermochemical conversion of biomass, the local measurements of the flame velocity, temperature and composition are carried using a Pitot tube and a gas analyzer Testo-350 XL. The local measurements of the flame composition, temperature and velocity were carried out at distance z/D = 2.8 above the secondary air inlet nozzle close to the coils of electromagnet (z/D ≈ 0.2). In addition, the local online measurements of the flame temperature using Pt/Pt/Rh thermocouples were carried out at the end stage of the combustion of volatiles -at distance x/D = 6.6 above the secondary air inlet nozzle. Produced heat energy was estimated from calorimetric measurements of cooling water flow of the combustor using the PC-20 control unit. (5), water-cooled combustor (6), diagnostic sections (7, 8).
RESULTS AND DISCUSSION

Experimental Results
The formation of the flow velocity field downstream the combustor for given configuration of a pilot device is influenced by the two main factors -the axial flow of volatiles (CO, H 2 , CH 4 ), which is determined by the thermal decomposition of biomass pellets and is supported by primary air supply, and combustion of volatiles, which is supported by secondary azimuthal air supply at the bottom of the conductor. The resulting flow field of the undisturbed flame flow (B = 0) above the coils (L = 20 mm) indicates the formation of the relatively uniform axial velocity profile across the flow centerline (r/R < 0.7) with average value of the axial flow velocity 1.3 m/s and large gradients of the axial and azimuthal flow velocity components and swirl intensity in the near vicinity of the channel walls (r/R > 0.7).
The application of the magnetic field to the flame disturbs the flow velocity profiles determining the field-induced variations of the local and average values of the axial (u z ), azimuthal (u φ ) flow velocity and swirl intensity) above the coils (Fig.  5, a, b) . Along the outside part of the flame reaction zone (r/R > 0.7) the magnetic field-induced force slows down the axial and tangential flow velocity ( Fig. 5-a) by enhancing the axial and swirl motion in the flame centerline (r/R < 0.7) with correlating increase of the average values of the axial, azimuthal flow velocities and swirl intensity (Fig. 5 b) . The results of mathematical modelling have shown a similar increase of the flow vorticity by increasing the magnetic field-induced Lorentz force and magnetic force parameter P e (Table 1 ). This allows suggesting that the magnetic field-induced variation of the average values of the flow velocity components and swirl intensity can be related to the effect of Lorentz force. As follows from Moreover, from the results of numerical modelling ( Table 1 ) it follows that the field-induced variations of the average values of the flow velocity and vorticity correlate with a field-enhanced decrease of the average and peak flame temperatures. Similar decrease of the local and average values of the flame temperature above the coils follows from the results of the experimental study indicating the field-enhanced correlating decrease of the volume fraction of CO 2 , combustion efficiency and produced heat energy by increasing the magnetic field induction (Fig. 6, a-d) . Moreover, in accordance with the results of mathematical modelling, the measurements of the flame composition profiles confirm the field-induced decrease of the reaction rates by increasing the external magnetic force, which results in an increase of the mass fraction of unburned volatiles (CO, H 2 ) at the interface between the axial fuel flow and air swirl with field-enhanced increase of the local and average values of the air excess and correlating decrease of combustion efficiency along the outer part of the flame reaction zone. This correlation confirms the field-enhanced mixing of the axial flow of volatiles with cold air flow with resulting cooling of the flame reaction zone, which shows the direct influence on combustion dynamics by increasing the mass fraction of unburned volatiles and air excess at the interface between the axial flow of volatiles and air swirl decreasing combustion efficiency above the coils. It should be noticed that magnetic field improved mixing of the flame components along the interface is confirmed by the results of the experimental study of magnetic field effect on diffusion flames, which confirm the field-induced forcing of the oxidant stream into fuel stream [11] . By considering the impact of magnetic field effect on the mixing of the reactants, which results in cooling of the flame reaction zone, it is concluded that to restrict the field-induced decrease of the flame temperature, there is a need to provide the additional heat energy supply into the secondary swirling air flow as it follows from the results of experimental study of the magnetic field effects on the flame formation by co-firing the biomass pellets with gas (propane) [6] .
CONCLUSIONS
The present research incorporates the mathematical modelling and experimental study of swirling flame behavior in the presence of magnetic field. Based upon the results of mathematical modelling and experimental study, the following conclusions have been drawn.
The results of mathematical modelling have shown that the magnetic field exerts the influence on the flow dynamics and the formation of the flow stream function indicating an increase of the flow vorticity and the local and average values of the flow velocity. An increase of the flow vorticity results in an enhanced mixing of the reactants by cooling the flame reaction zone and decreasing the rate of reactions.
The results of mathematical modelling are confirmed by the experimental study of the magnetic field effects on the swirling flow dynamics and the formation of the reaction zone with estimation of the effects, which can be related to the effect of magnetic force on the azimuthal movement of charged flame species, indicating the magnetic field-enhanced swirl motion along the centerline of the flame reaction zone (r/R < 0.7) with dominant field effect on swirl-enhanced mixing of the axial flow of volatiles with cold air swirl.
The field-enhanced mixing of the axial flow of volatiles with cold air flow results in cooling of the flame reaction zone. The flame cooling slows down the rate of reactions with local variation of the combustion characteristics -an increase of the mass fraction of unburned volatiles, decrease of the combustion efficiency and produced heat energy.
